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ABSTRACT
The Planck Collaboration made its final data release in 2018. In this paper we describe beam-deconvolution map products made from
Planck LFI data using the artDeco deconvolution code to symmetrize the effective beam. The deconvolution results are auxiliary
data products, available through the Planck Legacy Archive. Analysis of these deconvolved survey difference maps reveals signs of
residual signal in the 30-GHz and 44-GHz frequency channels. We produce low-resolution maps and corresponding noise covariance
matrices (NCVMs). The NCVMs agree reasonably well with the half-ring noise estimates except for 44 GHz, where we observe an
asymmetry between EE and BB noise spectra, possibly a sign of further unresolved systematics.
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1. Introduction
In 2018, the Planck collaboration made its third major data
release, PR3 (Planck Collaboration I 2018), based on the en-
tire mission, which covers 48 months for the Low Frequency
Instrument (LFI) and 29 months for the High Frequency
Instrument (HFI). The release comprises an extensive set of
maps, including frequency maps for the full mission, partial
maps for 12- and 6-month periods, and maps of various detec-
tor combinations. Descriptions of the data processing pipelines
from time-ordered data to final map products are given in Planck
Collaboration II (2018) and Planck Collaboration III (2018).
The PR3 maps are not corrected for beam shape; each data
sample is assigned entirely to the pixel where the centre of the
beam falls. The beam properties of Planck LFI are described in
Planck Collaboration IV (2016). Beam shapes affect the maps in
several ways. An effect immediately visible by eye is that the im-
age of a point source is not symmetric, but is deformed according
to the shape of the detector beam. More importantly, from a cos-
mology point of view, is that the usual map-making procedure
produces maps with an effective beam that varies across the sky.
The FEBeCop code (Mitra et al. 2011) constructs an effective
beam, which describes the local deformation taking into account
the detector beam shape and the local distribution of measure-
ments. The effective beam is different for every sky pixel, and
also depends on the survey and detector combination.
Beam asymmetries complicate the analysis of survey differ-
ence maps and other null maps, which play an important role in
data validation. Two maps made of the same local sky region at
different times are not identical, since the pattern of beam ori-
entations is different due to the scanning strategy. Furthermore,
beam shape mismatch is a source of leakage of temperature sig-
nals to polarization. Detectors with different beam shapes col-
lect different signals from the same point on the sky. The differ-
ence is then falsely interpreted as a polarization signature by the
usual map-making methods. LFI applies horn-uniform weight-
ing (Planck Collaboration II 2018) to alleviate the problem. With
horn-uniform weighting, the leakage depends mainly on the mis-
match between beams within a horn, which is usually smaller
than the mismatch between horns.
At the power spectrum level, the average beam smearing is
described by a beam window function. A conventional beam
window does not correct for leakage effects, but a more sophisti-
cated matrix window formalism (Planck Collaboration IV 2016)
provides a tool for the correction of the latter effect as well.
In this work we perform beam deconvolution on LFI data.
We use the artDeco deconvolution code (Keiha¨nen & Reinecke
2012) to correct for the asymmetric smearing produced by the
detectors’ beams. We take as our starting point the calibrated
and destriped timelines for LFI detectors, now publicly available
through the Planck Legacy Archive (PLA) 1. The input data are
thus already calibrated, and cleaned of correlated noise, as far as
possible.
ArtDeco operates in harmonic space, and yields a harmonic
representation of the sky signal without beam smoothing. This
can be converted into a conventional sky map, but because the
harmonic representation is limited up to a cut-off `max that de-
pends on the beam width, we must smooth the maps with a
Gaussian window to eliminate ringing artefacts. A point source
in a deconvolved map is thus not reduced to a point, but into a
symmetric Gaussian shape of finite width.
Deconvolution products offer several benefits over the usual
un-deconvolved maps. Deconvolution map-making produces a
map with a symmetric effective beam with the same shape at
every point on the sky, regardless of detector or survey combina-
tion. In our case the effective beam has a simple Gaussian form,
which is easy to handle in further processing steps. In harmonic
space the situation is simpler still, since there is no smoothing
1 http://pla.esac.esa.int/pla
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involved. As potential use cases that could benefit from decon-
volved inputs, we mention component separation and analysis of
point sources.
Deconvolution map-making eliminates the leakage of tem-
perature signal to polarization via beam shape mismatch.
Another source of leakage is the mismatch in frequency response
between detectors. This is not affected by deconvolution, and
thus it is still present in the deconvolved maps. With beam ef-
fects out of the way, we can perform a more robust analysis of
survey difference maps, possibly revealing residual systematics
that were previously hidden by beam effects.
In cosmological analysis it is useful to analyse the low-
est multipoles of the cosmic microwave background anisotropy
spectrum separately. Deconvolution offers a natural way of ex-
tracting the low-multipole signal, as it operates primarily in har-
monic space. With this in mind, we construct pixelized low-
resolution maps and corresponding noise covariance matrices
(NCVMs). To validate the NCVMs, we compare them to half-
ring noise estimates.
It is outside the scope of this paper to perform full-scale anal-
ysis of the deconvolved maps up to power spectra and cosmo-
logical parameters. However, the deconvolved maps and related
NCVM are available through PLA for the community to study.
Beam symmetrization does not come without price.
Deconvolution alters the residual noise in a non-trivial way. In
the PR3 maps, the residual noise at high multipoles is approxi-
matively white. In the deconvolved maps this is no longer true,
since the deconvolution process creates noise correlations be-
tween neighbouring pixels. At low multipoles, the effects are
captured in the NCVMs. At high multipoles we rely on half-ring
noise estimates.
This paper is organized as follows. In Sect. 2 we review the
deconvolution process. In Sect. 3 we describe the deconvolved
high-resolution Planck LFI maps, and highlight differences with
respect to the PR3 maps. We also analyse survey-difference
maps and search for signs of residual systematics. In Sect. 4
we describe the production of deconvolved low-resolution maps
and their NCVMs. We validate the NCVM products both in har-
monic and pixel space. Finally, we give some conclusions in
Sect. 5.
2. Deconvolution of Planck LFI data
2.1. ArtDeco
The artDeco beam deconvolver takes as input the time-ordered
information (TOI) and detector pointings for one or several de-
tectors, and their beam shapes. The code produces in output a set
of harmonic coefficients as`m of the sky, up to some maximum
value `max. The algorithm is described in Keiha¨nen & Reinecke
(2012).
The beam shapes are given in the form of the harmonic ex-
pansion of the beam shape, bs`k, where s = 0,±2. Index s = 0
corresponds to the temperature signal, while s = ±2 components
are related to polarization. Parameter kmax defines the maximum
absolute value of index k, and controls the level of beam asym-
metry taken into account in the analysis. For Planck’s weakly
asymmetric beams, kmax=6 has proven to be sufficient (Keiha¨nen
& Reinecke 2012).
From the harmonic coefficients as`m, one can further con-
struct a beam-deconvolved sky map, through a spherical har-
monic transform. The harmonic coefficients must be smoothed
before the transform. The smoothing serves two purposes: it
eliminates ringing artefacts that arise from the sharp cut-off of
the spectrum at `max; and it suppresses the small-scale noise,
which deconvolution tends to amplify. The smoothing width that
fulfills these two requirements is comparable to or slightly larger
than the width of the actual detector beam.
2.2. Input TOI
The artDeco deconvolver operates under the assumption that
noise in the input data is uncorrelated between samples. The raw
Planck-LFI TOI do not fulfill this requirement, since the data
stream is contaminated by correlated 1/ f noise. The Planck LFI
pipeline uses the Madam destriper (Keiha¨nen et al. 2005, 2010)
for noise removal and mapmaking. Pre-whitened TOIs are avail-
able in the form of ring objects, where samples on the same
pointing period and with the same position are coadded to make
one ring element. The input data are thus already calibrated and
cleaned of correlated noise. We use these ring objects as inputs
for the deconvolution operation. These ring objects are available
through the PLA.
Even after destriping, a small amount of residual corre-
lated noise is still present; this adds to the signal power in the
lowest multipoles. The properties of residual noise, and its ef-
fect on deconvolution, are addressed in Keiha¨nen et al. (2016).
Deconvolution amplifies the noise in the high-multipole regime
of the angular power spectrum, and creates correlation between
neighbouring pixels. At low multipoles, the main effect is the
rescaling of the signal (including noise) in compensation for the
missing beam power.
When deconvolving partial data sets, for instance single-year
data or detector subsets, there is some freedom in combining the
destriping and deconvolution steps. One option is to use the full
frequency data set for destriping, to maximally utilise all data
available and to remove the correlated noise as accurately as pos-
sible, and then use a subset of the cleaned TOI for deconvolution.
This is referred to as the ‘full destriping’ option. Another option
is to use the same data subset for both the destriping and the de-
convolution steps, which is called ‘independent destriping’. The
latter option leaves considerably more residual noise, but offers
the benefit that the residual noise is uncorrelated between data
sets.
The input ring objects available through the PLA are pro-
duced by destriping the full frequency data set. Since we take
these objects as inputs, we are automatically using the full de-
striping option. We thus have for each frequency one set of ring
objects, which serves as input in all deconvolution runs for that
frequency.
2.3. Beams
Planck LFI beams consist of three components (Planck
Collaboration IV 2016). The main beam is defined as extend-
ing to 1.◦9, 1.◦3, and 0.◦9 from the beam boresight at 30, 44,
and 70 GHz, respectively. The near sidelobes cover the region
between the main beam and 5◦. The remaining part is defined
as far sidelobes. An estimate of the sidelobe contribution to the
signal is already removed as part of the calibration step (Planck
Collaboration II 2016). We consider in the deconvolution pro-
cess the main and near sidelobe beam components.
We use the radiometer scanning beams as described in
Planck Collaboration IV (2016). The scanning beams include the
effective beam elongation caused by the satellite motion. These
must be distinguished from the effective beams that take into
account the scanning strategy and are a superposition of differ-
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ent beam orientations. The effective beam is different for every
survey and detector combination. Characteristics of both beam
types for LFI can be found in Planck Collaboration IV (2016).
Effective beams are typically less asymmetric than the scan-
ning beams, due to the averaging over beam orientations. The
difference is particularly striking at 44 GHz; the ellipticities of
radiometer scanning beams vary between 1.188 (LFI25S) and
1.388 (LFI24M) (Planck Collaboration IV 2016) while the ellip-
ticity of the combined effective beam for the whole mission is
only 1.035. Effective beams and scanning beams reflect differ-
ent aspects of the same beam. For instance, the image of a point
source in an un-deconvolved map resembles the image of the
effective beam. On the other hand, temperature leakage to po-
larization via beam mismatch is dependent on the mismatch be-
tween scanning beams, since the polarization signal is obtained
effectively by differencing the timelines of two radiometers.
2.4. Deconvolution products
We have produced deconvolved maps for all LFI frequencies,
single horns, and for horn pairs with complementary polarization
directions. For each horn combination, we produce a full mission
map, single year maps, and individual single survey maps. A sin-
gle survey refers to a period of approximately six months; exact
definitions of the surveys can be found in Planck Collaboration
II (2016). Deconvolution parameters for different detector com-
binations are listed in Table 1. The same parameters apply to all
survey combinations.
Table 1. Deconvolution parameters by horn combination, de-
convolution parameters `max and kmax, polarization (T/F), and
FWHM width of the smoothing kernel. The same deconvolution
parameters apply to all surveys.
Horns `max kmax Pol FWHM [′]
30GHz
27–28 . . . . . . 800 6 T 40
27 . . . . . . . . . 800 6 T 40
28 . . . . . . . . . 800 6 T 40
44GHz
24–26 . . . . . . 1000 6 T 30
25/26 . . . . . . . 800 6 T 40
24 . . . . . . . . . 1000 6 F 30
70GHz
18–23 . . . . . . 1500 6 T 20
18/23 . . . . . . . 1500 6 T 20
19/22 . . . . . . . 1500 6 T 20
20/21 . . . . . . . 1500 6 T 20
For each survey and detector combination, we release both
the harmonic coefficients, which are the primary deconvolution
output, and a pixelized HEALPix2 map (Go´rski et al. 2005) con-
structed from them.
The pixelized maps have resolution Nside=1024, correspond-
ing to 3′4 × 3.′4 pixels. We apply smoothing by a symmetric
Gaussian beam of FWHM width 40′ (30 GHz), 30′ (44 GHz) or
20′ (70 GHz). These widths were chosen to suppress the angular
power of the map below a fraction of 10−6 of the unsuppressed
2 https://healpix.jpl.nasa.gov
value at the cut-off `max. This is sufficient to safely remove all
visible ringing around the strongest sources.
The smoothing window is
W(`) =
{
exp[−σ2`(` + 1)] (temperature)
exp[−σ2(`(` + 1) − 4)] (polarization) (1)
where the σ parameter of the Gaussian function is related to
the FWHM through σ=FWHM/
√
8 ln(2), that is σ = 16′9864,
12.′7398, 8′4932 for FWHM=40′, 30′, 20′, respectively. The ef-
fective beam in pixel space is thus a Gaussian, with width as
given above.
Since we release the deconvolved harmonic coefficients
along with the maps, an interested user can easily produce al-
ternative maps with any desired smoothing width.
3. High-resolution maps
3.1. Full-mission temperature maps
We examine first the deconvolved, full-mission temperature
maps for 30, 44, and 70 GHz.
Deconvolved maps and the PR3 products are shown side by
side in Fig. 1. The two sets of maps are visually very similar.
Variations become more visible when we look at the difference
map (deconvolved−PR3), shown in the third column.
The difference is dominated by noise. The smoothing ap-
plied to deconvolution maps effectively suppresses noise at small
scales. The unsuppressed noise in the PR3 map is clearly visible
in the difference map.
Another effect is the rescaling of the signal due to beam effi-
ciency. The signal collected by the far sidelobe component of the
beam is removed as part of the calibration process, and it is effec-
tively lost. The lost power is accounted for in the beam model.
The beam efficiencies for LFI radiometer beams are given in
Planck Collaboration IV (2016). The combined efficiency of
main and near sidelobe beam components varies in the range
98.99–99.14 % for 30 GHz, in 99.75–99.79 % for 44 GHz, and
in 98.94–99.34 % for 70 GHz. The deconvolution process effec-
tively scales the signal up by a corresponding factor, compensat-
ing for the missing power. As a consequence, we see a faint copy
of the galaxy image in the difference map.
A zoom into a point source reveals the symmetrization of
the effective beam. As illustration, we show in Fig. 2 the Crab
Nebula, as seen in the deconvolved 30-GHz temperature map,
and in the corresponding undeconvolved map. In this figure, one
can also see the effect deconvolution has on residual noise. The
weak striping visible in the upper left corner of the deconvolved
map is noise, which becomes correlated in the direction orthog-
onal to the direction of beam elongation.
3.2. Survey difference
As we saw above, the difference between deconvolved and PR3
full mission maps is dominated by effects not directly related to
beam asymmetry. To see the effects of actual beam symmetriza-
tion, we now proceed to look at survey difference maps. A survey
in this context refers to a period of six months, during which the
scan axis of Planck rotates by 180◦, and detectors scan almost
the complete sky. During the next 6 months the sky is scanned
again, this time with effectively inverted beam orientation. When
we take the difference between odd and even single survey maps,
most of the sky signal cancels out, apart from a residual that
arises from beam shape mismatch.
3
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Fig. 1. From left to right, the deconvolved temperature maps for 30, 44, and 70 GHz, the corresponding PR3 maps, and the differ-
ences between the two. The data includes four years of observations for all radiometers of the respective frequency channel. The
deconvolved maps are smoothed with a Gaussian beam of FWHM=40′ (30 GHz), 30′ (44 GHz), or 20′ (70 GHz). We subtracted
from the deconvolved maps the same monopole that had been subtracted from the PR3 map. The difference maps are dominated by
white noise, which is suppressed in the deconvolved maps. The temperature scales of the maps are ±300 µK for temperature and
±100 µK for the difference.
 1500 1500µK
Fig. 2. A 10◦ patch around the Crab Nebula in the 30-GHz tem-
perature map. Left: deconvolved. Right: PR3 30-GHz LFI map.
Beam deconvolution is expected to remove the beam resid-
uals, leaving only noise in the survey difference maps, since the
deconvolved maps have identical effective beams. With beam
residuals out of the way, remaining signal residuals provide valu-
able information on other systematic artefacts in the data.
Single surveys do not provide complete sky coverage. The
coverage varies between 79 % and 98 %, depending on survey
and frequency (Planck Collaboration VI 2016). The artDeco
deconvolver operates with harmonic coefficients, which neces-
sarily represent the entire sky. If data are not available for the
full sky, the correct sky signal is well recovered in the region
covered by the measurements. In the missing region (and close
to its boundary), we obtain a solution that is based on extrapola-
tion of the recovered signal.
We construct an odd-even difference map from the first four
surveys as combination S1+S3-S2-S4. We leave out the last four
surveys, which have lower sky coverage (Planck Collaboration
II 2018). To suppress noise and to bring out the beam residuals
more clearly, we build the maps at 1◦ resolution (FWHM). We
apply smoothing with a Gaussian beam, the width of which is
chosen to make the combined width of the smoothing kernel and
the average detector beam equal to 1◦. The required additional
smoothing is 50.′63, 53.′58, and 58.′53 for 30, 44, and 70 GHz,
respectively.
The masked odd-even survey difference T maps are shown
in Fig. 3. The pixels outside the mask are covered in all four
surveys. For each frequency, we show the deconvolved version
at left, and the corresponding PR3 map on the right. Note that
the PR3 maps are destriped with the ‘independent destriping’
option, as discussed in Sect. 2.2, while the deconvolved maps
are destriped with the ‘full destriping’ option. The deconvolved
maps thus contain less correlated noise to begin with.
In the Galactic region, the PR3 30-GHz maps show signal
residuals with typical beam residual characteristics, the signal
4
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Fig. 3. Survey difference T maps S1+S3-S2-S4. The maps are smoothed to 1◦ resolution. Deconvolution reduces beam shape
residuals, revealing other signal residuals.
varying between positive and negative values. Point sources give
rise to “butterfly” shapes. Deconvolution reduces the residuals
significantly, but does not remove them completely. It is likely
that there are other systematic effects than beam at play here.
As described in Planck Collaboration II (2018), a possible cause
is due to the incomplete convergence in the calibration iterative
approach.
The effect of deconvolution is clearest for 44 GHz: PR3
maps show strong beam residuals, arising from beam shape
mismatch between the two survey combinations. Deconvolution
symmetrizes the effective beam, and removes the residuals al-
most perfectly. At 70 GHz the residuals are small to start with,
and no signal residuals are visible in either map.
3.3. Polarization maps
Beam-shape mismatch is a source of leakage of temperature sig-
nal into polarization. When the same point on the sky is ob-
served twice by the same detector, but in different beam ori-
entations, the two measurements collect slightly different tem-
perature signals. The usual map binning operation interprets the
difference as a polarization signal. Because the temperature sig-
nal is much stronger than the polarization signal, the leakage can
affect the polarization measurements significantly. According to
Planck Collaboration IV (2016), beam leakage can contribute as
much as 15 % of the polarization signal at 70 GHz.
Simulations show that beam deconvolution can drastically
reduce temperature leakage (Keiha¨nen & Reinecke 2012). In
real Planck measurements, however, beam mismatch is not the
only effect. Another, and often more significant, source of tem-
perature leakage is bandpass mismatch, coming from the fact
that different radiometers have slightly different frequency re-
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sponses. Two radiometers record different foreground tempera-
ture signals, and the difference is interpreted incorrectly as a po-
larization signal. This affects deconvolved and un-deconvolved
maps alike, and partially hides the beam correction.
Figure 4 shows the Q and U polarization component maps
for LFI frequencies. We compare deconvolved and PR3 LFI
maps, and plot their difference in the third column. Since we
are interested in the effect of beam deconvolution, we use in
this comparison PR3 maps that are not corrected for bandpass
leakage. The maps are smoothed to 1◦ resolution to suppress the
noise. The smoothing procedure is the same as the one applied
to single survey maps in Sec. 3.2. The difference map is plotted
over a 2 µK scale to bring out the structure above the Galactic
plane.
We expect the difference maps to include the temperature
leakage through beam shape mismatch, but this is difficult to
verify, since the difference maps are dominated by other effects.
As in the case with temperature maps, deconvolution scales the
map up to compensate for the missing power absorbed by the far
sidelobe beam component. Since the missing power is slightly
different for different radiometers, this also changes the relative
weighting of radiometers, and hence the bandpass leakage pat-
tern. As a result, the difference map between deconvolved and
PR3 LFI polarization maps is a combination of beam leakage
and changes in scaling and in the bandpass leakage pattern.
Although the temperature-to-polarization leakage is domi-
nated by bandpass mismatch, it still makes sense to remove the
component that comes from beam asymmetry. Bandpass leakage
is relatively well understood and can be corrected for more easily
than beam leakage. The bandpass correction for the 2018 release
is described in Planck Collaboration II (2018). Furthermore,
bandpass leakage only affects foreground emission, while beam
leakage distorts both foregrounds and the CMB.
3.4. IQUSS deconvolution
As an alternative to the usual deconvolution procedure, we have
applied a procedure similar to the ‘IQUSS’ mapmaking pre-
sented in Planck Collaboration II (2018). We split the harmonic
temperature coefficients aT`m further into a component that rep-
resents the average temperature signal, and components that rep-
resent the signal difference due to different frequency responses
between a radiometer pair. For radiometers M and S of horn X,
aT`m,XM = a
T
`m + S
T
`m,X
aT`m,XS = a
T
`m − S T`m,X , (2)
where aT`m represents the average sky signal, and S
T
`m,X is a spu-
rious signal map for horn X. The opposite signs are chosen so
that the spurious signal will absorb the signal difference from
bandpass mismatch, preventing it from leaking into polarization.
Note that we do not include spurious components between horns,
since signal differences between horns do not contribute to po-
larization. We now solve for the spurious components along with
the usual aT`m, a
E
`m, and a
B
`m.
The spurious components obey the rotation properties of
a temperature map. They can be distinguished from the po-
larization components if the sky is scanned in sufficiently dif-
ferent beam orientations during the mission. Unfortunately, for
Planck this is true only for part of the sky, due to the scanning
strategy, which was optimised for temperature, not polarization.
Consequently, the polarization maps we obtain from spurious
fitting are very noisy, compared to the usual deconvolution with
Table 2. Properties of selected point sources. The ellipticity is
determined from the undeconvolved PR3 map and from the de-
convolved map.
Gal Coord ν Ellipticity
Source l b [GHz] Undec Dec
TauA . . . . . . 184◦5 −5.◦8 30 1.3274 1.0042
44 1.0067 1.0026
70 1.2217 1.0096
3C279 . . . . . 305.◦1 57.◦1 30 1.3247 1.0038
44 1.0135 1.0123
70 1.2365 1.0130
three sky components. The same applies naturally to the PR3
IQUSS maps (Planck Collaboration II 2018).
Deconvolved IQUSS maps constructed from PR2 data were
used for the analysis of Tau A polarization in the 2015 data re-
lease, as described in Planck Collaboration XXVI (2016). Due
to the experimental nature of this method this approach was not
extensively used in other Planck analyses.
The IQUSS maps could be used to construct a deconvolution-
specific bandpass correction, following the same procedure as
the bandpass correction for undeconvolved maps; however, more
analysis would be needed to implement this. At present, the best
way of correcting the bandpass leakage in deconvolved maps is
to apply the un-deconvolved correction maps directly.
3.5. Point sources
The 2015 Planck release included an extensive catalogue of
compact sources (Planck Collaboration XXVI 2016). The cat-
alogue is built on the PR3 (undeconvolved) frequency maps.
Deconvolved maps provide valuable complementary infomation
on the properties of sources.
In the following, we demonstrate the fidelity of the deconvo-
lution process by showing that it efficiently reduces the asymme-
try of a point source image. We take the ellipticity of the image
as figure of merit. We pick the quasar 3C279 for demonstration.
We consider also TauA (the Crab Nebula), which is an important
calibration source in CMB experiments. TauA can be assumed to
be point-like at the lowest LFI channels, but becomes extended at
HFI channels (Planck Collaboration XXVI 2016; Ritacco et al.
2018)
We determine the ellipticity of both sources in the pixel do-
main, by fitting a two-dimensional Gaussian shape to the source
image. To reduce the contamination from background signals,
we fit a constant offset along with the shape. We determine
the ellipticity as the ratio of the two major axes. The elliptic-
ity is thus always above 1, the value corresponding to a circular
source. Table 2 gives the measured ellipticies for the selected
sources, for deconvolved and PR3 maps. For each source we
list the ellipticity of the source, as detemined from the unde-
convolved and deconvolved maps. As expected, deconvolution
strongly reduces the ellipticity of the source image.
4. Low resolution analysis
Computation of the CMB angular power spectrum and subse-
quent cosmological analysis is complicated by noise, and a de-
tailed description of the residual noise in the maps is there-
fore required. This is usually given in the form of a pixel-pixel
6
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Fig. 4. Deconvolved (left) and PR3 (middle) polarization maps for LFI channels, and their differences (right). From top down:
30 GHz; 44 GHz; and 70 GHz. These maps are smoothed to 1◦ resolution (FWHM) to suppress noise. The maps are not corrected
for bandpass leakage.
noise covariance matrix (NCVM). For reviews of power spec-
trum methods designed for Planck, see Gruppuso et al. (2009)
and Planck Collaboration XI (2016).
A properly constructed noise covariance matrix gives a full
description of noise correlation between any pair of low res-
olution pixels. The 2018 Planck data release includes low-
resolution maps and corresponding noise covariance matrices at
HEALPix resolution Nside=16, This corresponds to 3◦7 spatial
resolution. The low resolution maps are constructed from their
high-resolution counterparts through a smoothing and down-
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grading process, as described in Planck Collaboration VI (2016).
Each low resolution map consists of 3072 sky pixels. Each
pixel further contains estimates for the three Stokes parame-
ters I, Q, and U. The corresponding NCVM objects contain
9 × 3072 × 3072 ≈ 8.5 × 107 numbers. Increasing the resolu-
tion to Nside = 32 would increase the matrix size further by a
factor of 16, which becomes computationally prohibitive.
4.1. Low-resolution deconvolution
Deconvolution offers an alternative way of extracting the low-
multipole information from CMB data. The division into low-
and high-multipole regimes occurs in a natural way here, since
deconvolution operates in harmonic space.
We construct deconvolved low-resolution maps from LFI
data as follows. For harmonic analysis, we simply take the har-
monic coefficients we have from full-resolution deconvolution,
and pick the lowest multipoles for the low-resolution data set. To
construct low-resolution pixel maps, we apply a FWHM = 40′
Gaussian beam to the coefficients, and construct maps at res-
olution Nside = 16. The smoothing width and resolution were
chosen so that they correspond to the PR3 procedure as closely
as possible.
We construct noise covariance matrices (NCVM) that de-
scribe the noise in the deconvolved low resolution maps, both
in harmonic and pixel space. The construction of the NCVM is
described in detail in Keiha¨nen et al. (2017). Required inputs are
pointing, a model for the power spectral density (PSD) of noise
in the time domain, and beams. The NCVM matrix essentially
accounts for two aspects: the correlated residual noise that re-
mains in the data after destriping; and the effect of the deconvo-
lution process on it. Deconvolution modifies the noise structure,
but the effect is seen mostly at high multipoles.
Our harmonic NCVM describes the noise correlation be-
tween any two aslm elements up to ` = 50. The pixel-space
NCVM describes the correlation between two Nside = 16 pix-
els.
The noise model we use adopts the noise estimates of the
official DPC pipeline. These noise estimates are provided in the
form of a PSD, as a function of frequency, up to half the sam-
pling frequency of each channel. These estimates include one
spectrum per day for each detector. The PSD are estimated from
the data, and vary strongly with frequency.
For 30 and 70 GHz, we use the raw PSD as they are. To con-
struct the NCVM, we need to divide each PSD into a white noise
component and a correlated component. To do this, we arrange
the spectrum as a function of inverse frequency, and perform a
linear fit to the last 10 points corresponding to the highest fre-
quencies. We extrapolate the fit to 1/ f = 0, which we take as
the white noise power. We subtract this from the full spectrum
to obtain the correlated component. The procedure is exact for a
pure power-law spectrum with slope equal to −1.
The procedure described above works well for 30 GHz and
70 GHz, but at 44 GHz it yields unphysical negative values for
the correlated power, due to the large variations in the spectra. At
44 GHz, therefore, we use a modified procedure, where a power-
law spectrum is first fitted to the raw PSD to yield a smooth
spectrum, before applying the same extrapolation procedure as
for 30 GHz and 70 GHz.
4.2. NCVM validation in harmonic space
The PR3 data release includes half-ring maps. These are con-
structed by splitting each pointing period in two, constructing
two data sets from these, and applying the usual flagging and
map-making procedure to both sets. The result is two half-ring
(HR) maps with nearly identical signal content, but independent
noise. The half-ring half-difference (HRHD) map can be con-
structed as the difference between the two HR maps, weighted
by the actual hit count, as explained in Planck Collaboration II
(2014). In an ideal situation this consists of pure noise, with
structure similar to that of the noise contained in the full map.
However, small differences arise because the noise correlations
on the longest time scales are not tracked by the half-ring pro-
cess, and the spatial sample distributions in the two halves are
not identical. Despite its limitations, the HRHD maps provide
the best estimate of the actual noise level in the data; these are
independent of any noise modelling and based entirely on the
data.
The half-ring data sets for Planck LFI are available in the
form of ring objects. This allows us to run the deconvolution
process on the two HRs, and to form a HRHD harmonic vector,
following a logic similar to that behind the HRHD maps. A har-
monic HRHD vector is thus a set of aslm coefficients consisting
of pure noise with properties similar to the noise in the actual
deconvolved aslm. We validate the harmonic NCVM matrix by
comparing its predictions to this HRHD noise estimate.
We readily obtain the noise bias from the diagonal of the
harmonic NCVM. The noise bias is a prediction for the angular
power of residual noise. As a first test we compare the noise bias
with the angular power spectrum of HRHD noise, constructed
directly from the deconvolved harmonic coefficients as
CXX(`) = 12` + 1
∑
m
a∗XlmaXlm , (3)
where X stands for T, E, or B.
Figure 5 shows the spectra and the corresponding noise bias
for LFI frequencies for TT , EE, and BB. In general, the noise
bias agrees well with the HRHD spectrum, but there are also
differences. In particular, at 44 GHz there is an asymmetry be-
tween EE and BB spectra, the EE spectrum being above the
noise bias, the BB spectrum falling below it. The same asym-
metry is already present in the un-deconvolved data, as can be
seen in figure 18 of Planck Collaboration II (2018), as well as in
the 2015 data (Planck Collaboration II 2016). The 44 GHz chan-
nel is different from 30 GHz and 70 GHz, since it involves the
lone horn 24, which has no complementing pair with orthogonal
polarization sensitivity, and which has different beam properties
from the other 44-GHz horns. All these aspects, however, are
accounted for in the NCVM and in the noise bias derived from
it. The noise bias shows only a very weak asymmetry between
EE and BB, as we see in the middle panel of Fig. 5. MC simula-
tions in Planck Collaboration II (2018) also fail to reproduce the
asymmetry that in any case is well inside 1 sigma.
It is interesting to compare the deconvolved HRHD spectra
with their un-deconvolved counterparts. The structure of peaks
and troughs is very similar in both. For instance, the high peak
at `=10 in the 70-GHz BB spectrum is also present in figure 18
of Planck Collaboration II (2018).
A χ2 test provides a more stringent validation test for the
NCVM. We specifically compute the measure
χ2 =
aTN−1a
Ndof
, (4)
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Fig. 5. Noise bias from NCVM, and HRHD noise estimate, for 30, 44, and 70 GHz data, Top: TT spectrum. Bottom: EE and BB
spectra.
where N is the covariance matrix, a is the corresponding HRHD
object, and Ndof is the number of degrees of freedom. Dividing
by Ndof yields the reduced χ2 test. If the matrix correctly mod-
els the noise properties, we have 〈aaT〉 = N, and the reduced χ2
test is expected to return a value close to 1. The value is not lim-
ited from below, however. Thus, a simple overestimation of the
overall noise level is able to compensate for another error, and
this must be kept in mind when interpreting the results. Despite
its limitations, the χ2 test provides a useful measure of NCVM
quality.
The χ2 results for the harmonic NCVM are given in Table 3.
We compute the χ2 value between the full mission NCVM of
each frequency channel, and the corresponding HRHD noise ob-
ject. We perform the test separately for the TT , EE, and BB
blocks. The number of degrees of freedom is Ndof = (`max + 1)2,
which for `max = 50 yields Ndof = 2601. We repeat the χ2 test
for a submatrix that covers multipoles from zero to ` = 40 or 30.
Consider first the 30 GHz and 70 GHz data. The NCVM ap-
pears to model the residuals rather well in polarization. The de-
viations from unity for EE and BB are within 2.2σ statistical
variation (σ = 0.0196 for ` = 50). However, all the results are
above unity, indicating that the NCVM may be slightly underes-
timating the residual noise.
At 30 GHz the results improve further when the highest mul-
tipoles are excluded. However, TT results are much poorer, es-
pecially at 30 GHz. A misestimation should affect temperature
and polarization roughly the same way, so the weaker results in
temperature indicate that the HRHD maps contain signal resid-
uals. The likely source is signal variations within a sky pixel,
in the Galactic region where signal gradients are strong. Signal
gradients distort the destriping solution, which assumes that the
signal is constant within a pixel. The effect depends on the exact
scanning pattern, which is different for the two HRs. However,
a pair of Planck detectors sharing a horn follow very closely the
Table 3. Reduced χ2 results in harmonic space. We test the TT ,
EE, and BB blocks of the harmonic NCVM against the cor-
responding half-ring noise estimate. The calculation includes
all detectors and all available data for the frequency channel
in question. The expected one-sigma deviations from unity are
0.0196, 0.0244, and 0.0323 for `max= 50, 40, and 30, respec-
tively.
Reduced χ2
Channel, ` TT EE BB
30GHz
`max= 50 . . . . 1.1132 1.0458 1.0498
`max= 40 . . . . 1.1134 1.0268 1.0101
`max= 30 . . . . 1.0739 1.0296 1.0117
44GHz
`max= 50 . . . . 1.0752 1.1611 1.0829
`max= 40 . . . . 1.0422 1.1651 1.0752
`max= 30 . . . . 1.0406 1.1442 1.0259
70GHz
`max= 50 . . . . 1.1029 1.0451 1.0412
`max= 40 . . . . 1.0523 1.0330 1.0442
`max= 30 . . . . 1.0877 1.0050 1.0777
same path on the sky. Since the polarization signal is determined
from the signal differences of such pairs, the signal gradients
tend to cancel in the polarization component of the HRHD map.
The effect is not restricted to the pixels with strong gradients, but
is redistributed over the sky through the destriping process. The
error can be reduced with the help of a properly chosen destrip-
ing mask. The choice of the mask, however, is a trade-off, since
too wide a mask will remove too much of the data.
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At 44 GHz we observe the same suspicious excess EE power
that we already observed in the HRHD spectrum. The excess is
insensitive to the choice of `max. In contrast to 30 and 70 GHz,
the χ2 results are better in temperature than polarization.
4.3. Validation in pixel space
We now proceed with the validation in pixel space. We produce
low resolution HEALPix maps as follows. We take as a starting
point the harmonic coefficients that we have as deconvolution
output, and smooth them with a Gaussian of FWHM = 440′.
The same smoothing width is adopted for the PR3 pipeline. We
then construct temperature and polarization maps at resolution
Nside = 16 using the standard HEALPix tools. The same op-
erations are applied to each row and column of the harmonic
NCVM, to obtain a pixel-pixel noise covariance matrix.
Moving to pixel space changes the number of degrees of
freedom. The harmonic NCVM with `max = 50 has 2601 eigen-
modes, while a Nside = 16 pixel-pixel NCVM has rank 3072.
Moving from harmonic to pixel space thus introduces 471 zero
eigenmodes, resulting in a singular NCVM matrix. There is
nothing unphysical about this. It just tells us that these eigen-
modes are not present in the data. However, a χ2 test requires
that the matrix can be inverted. We thus need to regularize the
matrix in some way.
To do this we start by constructing the eigenvalue decompo-
sition of the pixel NCVM, and rewrite matrix N as
N =
∑
j
λ2e jeTj , (5)
where e j are the eigenvectors and λ j the corresponding eigenval-
ues. Equation (4) takes the form
χ2 =
1
Ndof
∑
j
(eTj m)
2
λ2j
, (6)
where m is the HRHD noise map under consideration. In Fig. 6
we plot the eigenvalue spectrum λ2j of the 30-GHz TT ma-
trix, and the decomposition of the corresponding HRHD map,
(eTj m)
2, in order of decreasing eigenvalue. The eigenvalue spec-
trum drops steeply at 2601, as expected, when we enter the zero
eigenmode regime. The HRHD spectrum, instead, flattens off at
around 10−4µK2. The high end power of the HRHD spectrum
comes from the multipoles above ` = 50, which are not included
in the NCVM. The level of the high-multipole plateau is insignif-
icant in comparison with the general noise level; however, it will
blow up in the χ2 test, which attaches equal weight to all eigen-
modes regardless of their contribution to the total power.
We add a phenomenological regularization constant σ2reg to
the diagonal of the NCVM, to account for the extra power. This
is equivalent to assuming an additional white noise component
of rms σreg. The value is chosen to match the observed level. Our
procedure is different from the one applied for the PR3 maps
(Planck Collaboration VI 2016), since we are not adding regu-
larization noise to the maps themselves.
The regularization process brings along the danger of mak-
ing the χ2 test results artificially good. In fact, by choosing the
constant properly, one can make the result exactly 1 for any
matrix-map pair. To avoid any human selection bias we apply an
automatic procedure where we take the regularization constant
to be the mean of the HRHD power in the multipole range 2602–
3072. The values of σreg are listed in Table 4, along with the rms
Fig. 6. Eigenvalue spectrum of the 30-GHz TT NCVM (dark
blue), and corresponding decomposition of the HRHD map (or-
ange). We add a small constant of 10−6µK2 to the NCVM for nu-
merical stability. A larger phenomenological constant is added to
the NCVM (light blue) to account for the high-end plateau.
Table 4. Regularization constant (σreg) and rms of the HRHD
map.
σreg RMS
Noise Map [ µK] [ µK]
30GHz . . . . . . .
TT . . . . . . . . 0.0135 0.4778
QQ . . . . . . . . 0.0182 0.6319
UU . . . . . . . . 0.0189 0.6582
44GHz . . . . . . .
TT . . . . . . . . 0.0148 0.4432
QQ . . . . . . . . 0.0204 0.6882
UU . . . . . . . . 0.0214 0.6635
70GHz . . . . . . .
TT . . . . . . . . 0.0126 0.3455
QQ . . . . . . . . 0.0166 0.5132
UU . . . . . . . . 0.0162 0.4962
of the HRHD noise map. The required level of regularization is
in all cases very low compared with the actual noise.
The χ2 results obtained with the regularized pixel-pixel
NCVM are given in Table 5. We also report the TT result for
cases where we have removed the Galactic region where sig-
nal gradients are large. We have tried two types of mask: a sim-
ple azimuthally-symmetric mask that cuts out 10 % or 20 % of
the sky symmetrically around the Galactic equator, and the de-
striping mask (Planck Collaboration VI 2016) that more accu-
rately follows the structure of Galactic emission and removes
the strong point sources at high latitudes. We downgrade the de-
striping mask to Nside = 16 resolution and reject all pixels where
any of the high-resolution subpixels are missing. This procedure
leads to a lower sky coverage, especially at 30 GHz, where the
78.7 % sky coverage of the destriping mask at Nside = 1024
translates to 49.5 % coverage at Nside = 16.
The polarization results are already very good for 30 and
70 GHz without masking. However, the mask improves the
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Table 5. Reduced χ2 results in pixel space. We test the TT , QQ,
and UU blocks of the pixel-pixel NCVM against the correspond-
ing half-ring noise estimate, for full sky and for three different
masks: a symmetric band around the Galactic plane, removing
10 % or 20 % of the sky; or the downgraded destriping mask
(last row). The sky coverage in each case is reported in the first
column. The statistical 1σ variation is 0.018 for full sky, and
0.019 or 0.020 for the 10 % or 20 % sky masks, respectively.
Reduced χ2
NCVM Block, fsky TT QQ UU
30GHz
fsky = 100 % . . . . 1.1023 1.0043 1.0251
90 % . . . . 1.0751 1.0041 1.0029
80 % . . . . 1.0572 1.0042 0.9872
49.5 % . . . 1.0887 1.0068 1.0053
44GHz
fsky = 100 % . . . . 1.0464 1.1118 1.0595
90 % . . . . 1.0240 1.1070 1.0466
80 % . . . . 1.0120 1.0938 1.0470
71.4 % . . . 1.0108 1.1198 1.0499
70GHz
fsky = 100 % . . . . 1.0362 1.0026 1.0047
90 % . . . . 1.0212 1.0024 0.9825
80 % . . . . 1.0017 1.0055 0.9830
72.4 % . . . 1.0133 1.0340 0.9990
agreement in TT , indicating that at least part of the discrepancy
is due to signal residuals in the HRHD temperature map.
At 44 GHz there is good agreement in temperature. In polar-
ization, once again, we observe extra power that is not accounted
for in the NCVM.
The expected 1σ statistical variation in χ2 is 0.018 for full
sky, 0.019 for the 10 % sky mask, and 0.020 for the 20 % mask.
All the 70 GHz χ2 test results, as well as 30 GHz polarization
results, are well within 2σ statistical variation. This indicates
that the residual noise in these map components is well described
by the NCVM, and the maps along with the NCVM can be used
for cosmological analysis. More caution should be taken with
the 44 GHz products.
The basic χ2 test compresses a complicated noise structure
into one number. It also weights all eigenmodes equally, regard-
less of how much they contribute to the noise. We obtain more
information by examining how the excess χ2 builds up. The
noise residuals are by nature extended structures over the sky.
It is not very meaningful to look at noise amplitudes pixel by
pixel. Instead, we examine them in the eigenmode space. We in-
troduce the cumulative measure ∆χ2(n), which we calculate as
∆χ2(n) =
1
3072
 n∑
j=1
1
λ2j
(mTj e j)
2 − n
 . (7)
Here e j and λ j are the eigenvectors and eigenvalues of the
NCVM matrix, in the order of decreasing eigenvalue, and mj
is the decomposition of the noise map under consideration. We
plot ∆χ2(n) in Fig. 7. The plot shows how the deviation of
χ2 from unity accumulates as we add more eigenmodes, with
∆χ2(3072) + 1 giving the usual χ2 test. The quantity ∆χ2(n) has
the convenient property that the statistical variation remains the
same over the plot.
At both 30 and 70 GHz, the agreement in the TT block is
very good for the first 500 eigenmodes, after which the excess
χ2 begins to build up gradually. The strongest noise structures
are thus modelled accurately. At 44 GHz, the agreement in TT
is good even further out, over 1000 eigenmodes. The excess χ2 in
44 GHz polarization is again evident, more strongly in EE than
in BB.
5. Conclusions
We have produced beam-deconvolved maps from destriped
Planck LFI data, using the artDeco deconvolution code. The
artDeco deconvolution approach corrects for all beam-related
effects and yields a map with a symmetric Gaussian beam. The
chosen smoothing widths are 40′ (FWHM) for 30 GHz, 30′ for
44 GHz, and 20′ for 70 GHz. These widths are sufficient to re-
move ringing artefacts, and to suppress noise at small scales.
The release includes harmonic coefficients that form the ba-
sis of the deconvolved maps. An interested user can construct
deconvolved maps at any desired resolution from those, keeping
in mind that too narrow a smoothing width will result in ringing
around strong point sources.
We have validated the deconvolved maps though analysis of
survey difference maps. Survey difference maps are insensitive
to bandpass mismatch, and reveal the effects of beam mismatch
particularly clearly. We have demonstrated that deconvolution
removes the beam residuals very well at 44 GHz. At 70 GHz the
residuals are small to start with. With beam residuals cleaned
away, 30-GHz survey-difference maps show traces of residual
signal, which affect the maps at the 10 µK level.
Deconvolution provides a natural way of extracting the low-
resolution component from Planck data. We construct low-
resolution maps at HEALPix resolution Nside = 16, and corre-
sponding noise covariance matrices (NCVM). The NCVM ma-
trices describe the structure of residual noise in the deconvolved
maps.
The effects of actual beam asymmetry are small in the
low multipole regime. It is thus not surprising that the decon-
volved low-resolution maps resemble the undeconvolved ones.
The value of deconvolution here is rather in the simple way that
the low-resolution regime is separated from the high-resolution
regime. Through deconvolution we avoid the complicated in-
terplay between smoothing and pixel-space dowgrading (see
Planck Collaboration VI (2016)).
We validate the NCVMs by comparing them against half-
ring noise estimates, both in harmonic space and in pixel space.
The covariance matrices model the noise well in 30 and 70-GHz
polarization maps. The agreement is less good in temperature,
but the main culprit is likely to be signal residuals in the HRHD
estimates, rather than the NCVM itself. At 44 GHz, we observe a
curious asymmetry between EE and BB noise spectra. The same
asymmetry can also be seen in the undeconvolved spectra.
The deconvolved maps are available through the Planck
Legacy Archive. In any further analysis is should be remembered
that, in distinction to PR3 maps, the polarization component is
not corrected for bandpass mismatch, and that the residual noise
is not well approximated by white noise.
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Fig. 7. Excess χ2 in pixel space, as it builds up as a function of
eigenmode. The eigenmodes are arranged in order of decreasing
eigenvalue, so that the strongest noise structures are on the left.
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